Recently, lead halide perovskite quantum dots (QDs) have attracted much attention because of their excellent properties of high color purity, tunable emission wavelength covering the whole visible region, and ultrahigh photoluminescence (PL) quantum yield. They are expected to be promising candidates for the next-generation cost-effective lighting and display sources. Here, we introduced the recent development in the direct solutionprocessed synthesis and ion exchange-based reactions, leading to organic/ inorganic hybrid halide perovskites (CH 3 NH 3 PbX 3 ; X = Cl, Br, I) and all-inorganic lead halide perovskites (CsPbX 3 ; X = Cl, Br, I), and studied their optical properties related to exciton-related emission and quantum confinement effect. Finally, we reviewed the recent progresses on the perovskite light-emitting diodes (LEDs) based on CH 3 NH 3 PbX 3 and CsPbX 3 quantum dots and provided a critical outlook into the existing and future challenges.
Introduction
Motivated by the remarkable color tunability and relatively high photoluminescence (PL) quantum yield of colloidal quantum dots (QDs), the concepts of QD-based light-emitting diodes (LEDs) have been proposed and developed for a few years, and multicolor LEDs were successfully fabricated either for PL or electroluminescence (EL) mechanism [1] [2] [3] [4] [5] [6] . It has been recognized that using QD-based LEDs as the backlighting system of liquid crystal display can greatly expand the color gamut of display and present vibrant colored images [7] . Although the conventional CdSe-based QD system has been commercially used, it suffers from the lack of surface control during process and low-cost preparation technique [8] . Moreover, development of high-performance CdSe QD-based LEDs strongly relies on the precise core/shell design, involving the band engineering and surface ligands. In this circumstance, colloidal lead halide perovskite QDs began to attract a great scientific attention. The appealing properties of this new class of materials that might enable advances in electroluminescent devices are their outstanding optical properties including the narrow emission band (<20 nm), a wide wavelength tunability (400-800 nm), and a high PL quantum yield, which make them suitable for high-performance, low-cost, and lightweight LED applications [9] [10] [11] . Beyond LEDs, they were also explored as interesting materials for low-threshold lasing [12] , photodetectors [13] , and solar cells [14] . And, many studies on these fields have been reported recently. In the following, two typical synthesized methods for the novel perovskite QDs system were introduced in detail, and their optical properties related to the exciton-related emission and quantum confinement effect were investigated. Finally, we reviewed the previously reported device structures on perovskite QD LEDs and provided a critical outlook into the existing and future challenges.
Crystal structure features
Lead halide perovskite QDs have a crystal structure of ABX 3 , in which A and B are the monovalent and divalent cations, respectively, and X is a monovalent halide anion (Cl, Br, I). The typical crystal structure of lead halide perovskites was illustrated in Figure 1a . B cation is coordinated to six halide ions in an octahedral configuration, and the octahedra are corner-sharing, with the A cation located in between those octahedra. In addition, the lead halide perovskite QDs can fall into two categories depending on the chemical component of A cation, organic-inorganic hybrid, and all-inorganic perovskites. Methylammonium (MA) lead trihalide perovskites have so far been the most intensively explored in optoelectronics, and they have the chemical composition of MAPbX m Y 3−m . This perovskite is a hybrid inorganic-organic direct-bandgap semiconductor. Also, the perovskites based on colloidal CsPbX 3 QDs are extensively investigated in recent years. As is well known, MAPbX 3 or CsPbX 3 QDs can crystalline in orthorhombic, tetragonal, and cubic polymorphs according to the environment temperature and total system energy. And, experimental results have confirmed that MAPbX 3 or CsPbX 3 QDs possess different crystal structures at different temperatures or with different halide ions [15] . For the Quantum-dot Based Light-emitting Diodestwo types of perovskite QDs, their optical and electronic properties are tunable by varying the composition of constituted halide ions and a smaller degree of the cations. Also, the size of perovskite QDs plays an important role on their optical properties due to quantum confinement effect [16] .
Chemical synthesis of perovskite QDs

Synthesis of MAPbX 3 QDs
Perez-Prieto and coworkers pioneered the wet chemistry colloidal synthesis of free-standing hybrid perovskite QDs (MAPbBr 3 in their case) [17] . A simple one-step approach was employed in their experiment. The PbBr 2 was reacted directly with a mixture of ammonium bromide with short methyl chain and longer alkyl chains. In the middle part of the crystal, the MA cations were embedded, which would connect the neighboring [PbBr 6 ] − octahedra. And, the outer space will be occupied by the longer alkyl ammonium cations; as a result, the growth of MAPbBr 3 nanocrystals (NCs) is terminated. Therefore, one could assume that the longer alkyl ammonium cations in the outer space played the role of capping ligands of the perovskite NCs, which may be the reason that the MAPbBr 3 NCs could be dispersible in many solvents. That is to say that the role of these ligands is to provide a self-termination of the crystallization, leading to the formation of discrete nanoparticles in solution. In their case, the resulting MAPbBr 3 QDs could be stable for concentrated solutions as well as in solid states for 3 months. The corresponding microstructure of the synthesized products was shown in Figure 2a , in which a mixture of nanodots (~10 nm) and nanoplatelets (~40 nm) could be distinguished. Figure 2b and c shows the absorption and PL spectra of these highly crystalline MAPbBr 3 QDs, and a high-purity green emission at about 530 nm can be found. The corresponding PL quantum efficiency was about 20%.
By optimizing the molar ratio of octylammonium bromide:MA bromide:PbBr 2 (8:12:5) in a typical reprecipitation method while maintaining the 1-octadecene:PbBr 2 molar ratio of 62.6:1.0, this research group promoted the quantum efficiency of MAPbBr 3 QDs to 83% [18] , demonstrating a promising potential for use in luminescent devices, such as LEDs and laser diodes. Owing to the fact that surface states in QDs would support the desired passivation treatment, Perez-Prieto and colleagues improved the organic capping of the MAPbBr 3 QDs; as a result, intensely luminescent and easily dispersible MAPbBr 3 QDs were produced, as shown in Figure 2d . As for the origin of the surface states, Li et al. recognized that the richness of halogen at the surface of QDs ought to be responsible for surface states [19] . On the one hand, abundant Br atoms at the surface will connect with cations, inhibiting the trapping of excited carriers and then high PL quantum efficiency. This process can be named as self-passivation effect, which is similar to the intentional passivation behaviors of traditional QDs with halogen ions. On the other hand, riched Br on surface should be binded with MA to form PbBr x analogs, which possesses a relatively large bandgap of 4.0 eV. Therefore, quasi-core-shell structure of MAPbBr 3 /Br was formed. This superior characterization is similar as the shelling of ZnS around CdSe QDs core, photoexcitated carriers would be confined, and a high PL quantum efficiency could be expected. For a further confirmation, Zhong and coworkers performed the energy-dispersive spectroscopy measurements for synthesized MAPbBr 3 QDs [20] . They found a Br/Pb ratio of 3:5 for QDs with an average diameter of 3.3 nm, matching with the observation in Li's report. Also, the X-ray photoelectron spectroscopy results for MAPbBr 3 QDs support their argument above, and the smaller the diameter of QDs, the larger the ratio of Br/Pb. Subsequently, this simple synthetic method was adopted in other groups, and an increasing number of papers have been published in this field. For example, Luo and coworkers used either octylammonium bromide or octadecylammonium bromide to produce perovskite QDs by using the reprecipitation method, with the size of QDs of 3.9 and 6.5 nm, respectively [21] . In their case, the size control of QDs was due to the different ligand-binding kinetics, and the high solubility of longer hydrophobic chain ligands could facilitate the increase of QD size. Zou et al. developed a ligand-assisted reprecipitation strategy to fabricate highly luminescent and color-tunable colloidal MAPbBr 3 QDs with the absolute quantum efficiency up to 70% at room temperature (RT) and low excitation fluencies. In their work, the reprecipitation method was a simple way for preparing organic nanocrystals or polymer dots simultaneously through the solvent mixing [22] . As shown in Figure 3a , they employed the same principle and simply mix a solution of MAPbX 3 precursors in good solvent (N-dimethylformamide (DMF)) into a vigorously stirred poor solvent (toluene, hexane, etc.) to form the organometal halide perovskites. Simultaneously, the long-chain organic ligands, such as n-octylamine and Quantum-dot Based Light-emitting Diodesoleic acid (OA), were introduced into a mixture to control the crystallization of precursors into colloidal QDs. So, it can be assumed that n-octylamine controlled the kinetics of crystallization and further contributed to the size control of MAPbX 3 QDs, whereas OA suppressed the aggregation effects and ensures their colloidal stability. Figure 3b shows the typical transmission electron microscopy image of MAPbBr 3 QDs, which were quasi-spherical and had an average diameter of 3.3 nm with a size deviation of ±0.7 nm. In addition, the simple ligand-assisted reprecipitation approach can be easily extended to fabricate colloidal MAPbX 3 QDs through halide substitutions. By mixing of PbX 2 slats in the precursors, a series of QDs with tunable compositions and emission wavelengths were prepared. Figure 3c shows the PL spectra and optical images of these samples under sunlight and an UV lamp (365 nm).
Synthesis of CsPbX 3 QDs
Colloidal synthesis routes of all-inorganic CsPbX 3 QDs have also been developed, and such novel QD systems have been receiving increasingly significant attention, which is assumably due to the reason that CsPbX 3 QDs possess higher stability than that of organic-inorganic hybrid MAPbX 3 QDs. Following the traditional hot-injection approach which is commonly used for the synthesis of metal chalcogenide QDs, Kovalenko and coworkers firstly synthesized the monodisperse CsPbX 3 QDs with a high degree of compositional bandgap engineering [23] . In their report, the Cs precursors were injected into the lead halide precursors, which contained the hot, high boiling point solvents. OA and oleylamine were mixed to dissolve the lead halide sources and to stabilize the QDs. By using the in situ PL measurements, they observed an interesting phenomenon that the reaction process after the Cs precursor injection was very quick. Within several seconds, the synthesis of the majority of CsPbX 3 QDs was realized. For the above synthesis method with a very rapid process, the unit size of CsPbX 3 QDs depends strongly on the reaction temperature, and the size of the QDs decreases by decreasing the reaction temperature. In their study, the CsPbX 3 QDs were produced with tunable size from 4 to 15 nm. Note that CsPbX 3 QDs crystallized in the cubic phase in their case rather than the tetragonal or orthorhombic phases at high temperature, as shown in Figure 4a and b. More importantly, the emission wavelength or photon energy of the resulting CsPbX 3 QDs was tunable over the entire visible spectral region (410-700 nm) by varying the ratios of the precursor salts (PbCl 2 /PbBr 2 , PbBr 2 /PbI 2 ). As shown in Figure 4c and d, the obtained CsPbX 3 QDs exhibit continuously tunable PL emission with a narrow linewidth of 12-42 nm and also a superior PL quantum yield up to 90%. Such an excellent optical performance is interesting, considering the facile synthesis route which involves neither core-shell structure nor surface modifications. Later on, by means of a droplet-based microfluidic platform, allowing for online absorption/PL measurements, the same research group investigated the formation mechanisms of such perovskite QDs.
In addition to the hot-injection technique, RT reprecipitation methods have also been proposed and developed for the controllable synthesis of CsPbX 3 QD system. For instance, Huang et al. reported the emulsion-based synthesis of perovskite nanocrystals involving many morphologies at RT [20] . Li et al. reported that the CsPbX 3 QDs can be synthesized at RT, which was similar to the ligand-assisted reprecipitation method used for MAPbX 3 QD system [19] .
Synthesis of perovskite QDs through halide ion exchange reaction
Synthesis of MAPbX 3 QDs
A post-preparative halide ion exchange on perovskite QDs provides an additional means to modify their composition and thus the optical characterizations while preserving their size and morphology. Jang et al. reported the reversible halide exchange reaction of organometal trihalide perovskite colloidal QDs for full-range bandgap tuning [24] . Figure 5b , the composition of the mixed halide perovskite QDs can be easily distinguished by their colors. Figure 5c shows the UV-visible diffuse reflectance spectrum of all produced samples (10 μm thick films on silicon substrates). The composition tuning of these samples enabled the bandgap to display absorption over a wide range of 400-850 nm, corresponding to the photon energy of 1.5-3.1 eV. The corresponding PL spectra of these samples were also measured and put together on a normalized scale for a comparison. Note that the emission intensity of MAPbBr 3−x Cl x and MAPbBr 3−x I x significantly decreases with increasing x, matching with other reports either for perovskite QDs or films. The anion-exchange method is also possible in the solid phase, as demonstrated by Yang and coworkers [25] . Following a solution-phase growth of MAPbBr 3 nanorod arrays, they were subsequently converted to MAPbI 3 with similar morphology via a low-temperature annealing at ~140°C in MAI vapor. Such an approach was further confirmed to be feasible by constructing heterostructured LEDs, with MAPbBr 3 nanorods exhibiting a green EL emission at 533 nm and MAPbI 3 nanorods emitting a red emission at 782 nm. 
Synthesis of CsPbX 3 QDs
As for the synthesis of CsPbX 3 QDs by halide ion exchange, Kovalenko and coworkers and Manna and coworkers have almost simultaneously reported this method for CsPbX 3 (X = Cl, Br, I) QD systems [26, 27] , tuning their emission wavelength over the spectra range of 410-700 nm, as shown in Figure 6a and b. In their cases, five kinds of halide ion sources were investigated for ion exchange reaction, oleyammonium/octadecylammonium/ tetrabutylammonium halides, organometallic Grignard reagents, and PbX 2 salts. An interesting observation was that the anion-exchange reaction between different halide ions is very fast, and the halide ions could achieve exchange reaction within seconds. A blueshift trend includes I − to Br − and Br − to Cl − routes, and, similarly, a redshift trend includes Cl − to Br − and Br − to I − routes, respectively. An important fact should be pointed out that a little size variation for CsPbX 3 QDs can be distinguished after the anion-exchange reaction, but the shape of the produced QDs was identical to their original appearance (parent QDs). Also, there was no change on the crystal structure of the produced QDs. Additionally, the ion exchange reaction process did not induce the undesired formation of any remarkable lattice and/or surface defects. As a result, the optical properties of anion-exchanged CsPbX 3 QDs are remarkable, including the linewidth and PL quantum yield, and comparable with those directly synthesized through the hot-injection method introduced above.
Optical properties of perovskite QDs
Exciton-related emission of perovskite QDs
Perovskite QDs exhibit remarkable optical properties, such as the high emission purity, large quantum yield, as well as tunable emission wavelength by varying the constituent elements, size, or dimensions. In the initial stage, most of the researches focused on the synthesis of the perovskite QDs and also their integration into device applications. But, it would be more interesting in our opinion if the optical properties of perovskite QDs or films made out of perovskite QDs could be investigated in detail. Despite the reported advances 
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on perovskite-based optoelectronics, a deeper understanding of perovskites photophysical properties must be achieved if these materials are to make a technological impact. For example, as a key parameter controlling the recombination dynamics of photogenerated charges, the localization of exciton or free carrier needs to be specified. It means that the identification of dominant recombination mechanisms in perovskites will help interpret the seemingly counterintuitive facts that perovskites can act as both extraordinary photovoltaic materials and superior optical gain mediums for LED and lasers. In general, photovoltaic materials require efficient separation of photocarriers, and emissive materials require high recombination rates [28] . If the obtained exciton-binding energy of the perovskites is comparable to the thermal energy at RT (~26 meV), excited states will tend to dissociate into free carriers rather than recombination radiatively. The photoexcitation of perovskites can lead to the formation of free carriers and excitons, which then recombine to emit photons corresponding to the bandgap of perovskites. Although the question over the dominant species is still under investigation, it is generally accepted that free carriers are prevalent in perovskite films. Even et al. claimed that free carriers are photoexcited at RT, where Wannier-Mott excitons are dominant at low temperatures [29] . As for perovskite QDs, several groups have used temperaturedependent PL measurements to study the competition between exciton and free carriers. In Shi's study, temperature-dependent PL measurements were carried out to understand the optical transition mechanisms of the CsPbBr 3 QDs [30] . As shown in Figure 7a , with the decrease of the temperature, only one emission peak can be solved, indicating the absence of structural phase transition. And, the strong excitonic emission behavior was verified by performing the power-dependent PL measurements. As shown in Figure 7b , a power law dependence with β = 1.31 confirms the excitonic characteristics of the spontaneous emission. Moreover, by plotting the emission intensity of CsPbBr 3 QDs versus temperature, thermally activated nonradiative recombination process was observed, as shown in Figure 7c . Excitonbinding energy of the CsPbBr 3 QDs was further achieved by the following equation:
where K is the Boltzmann constant, T is the temperature, I 0 is the emission intensity at 0 K and A is a proportional constant. From the fitting, a value of 43.7 ± 4.9 meV for E B was extracted. The data are much higher than the thermal energy at RT and ensure exciton survival well above RT. Therefore, they argued that the observed PL performance originates from the exciton-related emission. However, many studies attributed the PL spectra at RT to free carrier recombination. For example, D'Innocenzo et al. stated that excitons generated by low-density excitation were almost fully ionized at RT when the exciton-binding energy is moderately larger than the thermal energy at RT [31] . As shown in Figure 7d , the exciton-phonon interaction in carrier recombination process for CsPbBr 3 QDs was also investigated in Shi's report by studying the linewidth broadening behavior of CsPbBr 3 QDs. The value of optical phonon energy of 36.3 ± 1.8 meV was derived.
Quantum confinement effect in perovskite QDs
As we mentioned above, the optical properties of perovskite QDs depend not only on the constituent halide ions but also on their size or diameter. As we all know, quantum confinement effect has been widely studied in conventional semiconductor nanomaterials. Also, the latest development in the size-controlled synthesis of perovskite QDs has enabled detailed investigations of quantum confinement effect in QDs. Friend and coworkers observed sizedependent photon emission from MAPbBr 3 QDs embedded in an organic matrix [16] , where the QD size and their PL peak could be tuned by varying the concentration of the precursors. In their case, a MAPbBr 3 precursor solution (MABr and PbBr 2 dissolved in N,Ndimethylformamide) and 4,4-bis(N-carbazolyl)-1,1-biphenyl (CBP) matrix solution were prepared and mixed to achieve various weight ratios between CBP and the perovskite precursor. They firstly determined the average size of perovskite QDs by using X-ray diffraction, as shown in Figure 8a . As the concentration of perovskite QDs decreased, a reduced peak intensity accompanied by peak broadening was observed for (1 0 0) and (2 0 0) diffraction peaks, indicating a reduction of the size of nanocrystallites. Accordingly, the PL peak gradually shifted to higher energy decreasing the particle size, as shown in in which d is the particle size in nanometer. This suggested that the PL blueshift is a manifestation of quantum confinement of excitons in the perovskite nanocrystals. Figure 8d shows the corresponding absorbance data of the produced MAPbBr 3 QDs with different sizes, and a monotonic shift of the absorption edge toward the higher energies matched the above observation in PL spectra.
Quantum confinement effects have also been observed in all-inorganic CsPbBr 3 QDs. Kovalenko and coworkers reported the size-dependent PL emission from square-shaped CsPbBr 3 QDs [23] , in which the PL emission peak gradually blueshifted from 512 to 460 nm as the diameter of QDs decreased from 11.8 to 3.8 nm, as shown in Figure 9a . Figure 9b shows the experimental and theoretical size dependence of the bandgap of CsPbBr 3 QDs in their case. In addition, tunable PL from CsPbBr 3 nanocrystals by varying the number of layers has also been reported, and the corresponding bandgap energy increases with the decreasing the number of layers. Alivisatos and coworkers reported the synthesis of quantum-confined highly fluorescent CsPbBr 3 nanoplatelets [32] . Their observations show that the thickness of CsPbBr 3 nanoplatelets can be tuned from 1 to 5 unit cells by changing the reaction temperature, with the monolayer platelets emitting at 400 nm, whereas the bulk-like crystals emitted at 520 nm. 
Perovskite QD LEDs
Structure of perovskite QDs LEDs
As we mentioned above, perovskite QDs have been shown to possess high PL quantum yield, high emission purity, and tunable emission wavelength that make them suitable for highperformance, low-cost, and lightweight LEDs. Perovskite materials were incorporated into LEDs functioning at liquid nitrogen temperature back in the 1990s, and RT-working bright LEDs were fabricated by solution processing of hybrid perovskites by Tan et al. [33] . In their device, a solution-processed MAPbI 3−x Cl x perovskite layer was sandwiched between TiO 2 and poly(9,9-dioctylfluorene) (F8) layers for effective radiative recombination of electrons and holes in the perovskite layer. Also, using MAPbBr 3 -emissive layer, an architecture of ITO/PEDOT:PSS/MAPbBr 3 /F8/Ca/Ag was fabricated, producing a luminance of 364 cd/m 2 at a current density of 123 mA/cm 2 . Because of the significantly higher quantum efficiency of perovskite QDs than that of perovskite bulk films, superior device performance for perovskite QD LEDs could be expected [34] . A typical perovskite QD LED consists of an intrinsic active layer in a double-heterojunction structure. As shown in Figure 10 , an n-type electron transport layer and a p-type hole transport layer are usually used to construct a typical perovskite QD LED. Under forward bias, the injection of charge carriers into a thin luminescent layer leads to radiative recombination and provides light emission in all directions. Efficient LEDs use electrodes that readily inject carriers into the active region and prevent charges from passing through the device and quenching at contacts. Since the work of Tan et al. in 2014 [33] , various perovskite QD LEDs using different perovskite active layers and electron/hole transport layers have been reported.
LEDs based on perovskite QDs
Song and coworkers firstly reported the perovskite QD LEDs with tunable emission wave- injection efficiency, radiative recombination efficiency, and injection balance. For an improved carrier injection efficiency, a thin perfluorinated ionomer film was introduced between the hole transport layer and CsPbBr 3 QDs active layer in Zhang's study [35] . In their case, the hole injection efficiency was enhanced greatly, which favored a high brightness. Besides, the usage of carrier transport layers with a high conductivity could ensure a high carrier injection efficiency, resulting in an improved external quantum efficiency.
In order to promote the carrier radiative recombination efficiency, the undesired lattice and surface/interface defects should be excluded. Sun's research group found an interesting phenomenon that the introduction of CsPb 2 Br 5 QDs attached on CsPbBr 3 QDs could improve the emission lifetime by decreasing nonradiative energy transfer to the trap states via controlling the trap density [36] . As a result, a high external quantum efficiency of about 2.21% was achieved, and a maximum luminance of 3853 cd/m 2 was obtained. Figure 12a shows the X-ray diffraction patterns of the synthesized perovskite QD products. The peak located at 30.36° is assigned to (2 0 2) diffraction of CsPbBr 3 , whereas the peak at 30.69° is identified from CsPb 2 Br 5 .
And, the impurities of CsPb 2 Br 5 phase were emerged in the low-temperature (70°C) solutionprocessed CsPbBr 3 products. The generation of the secondary phase CsPb 2 Br 5 in the product can be ascribed to the following process: PbBr 2 + CsPbBr 3 → CsPb 2 Br 5 . Figure 12b displays the schematic diagrams of the corresponding crystal structures of the CsPbBr 3 and CsPb 2 Br 5 QDs. They further fabricated the LED device by constructing the heterostructure shown in . In fact, contradiction exists about carrier radiative recombination efficiency and injection efficiency. For example, to keep a high quantum yield, surface passivation is usually necessary, while long-chain ligands will reduce the conductivity of QDs. In this regard, Pan and coworkers applied a short ligand, di-dodecyl dimethyl ammonium bromide, to passivate CsPbBr 3 QDs and facilitate the carrier transport ability [37] . Consequently, a promoted PL quantum yield of about 71% was achieved, and a higher external quantum efficiency of ~3.0% was obtained.
As discussed above, the carrier injection efficiency, radiative recombination efficiency, and injection balance are important factors for the device performances of perovskite QD LEDs. In fact, the QDs applied in previous reports were not well purified due to the continuous growth with classical purification strategies. Recently, Zeng's group developed a handy surface purification method that can achieve recyclable treatment on QDs using hexane-/ethyl acetate-mixed solvent [38] . Thus, a balance of carrier injection efficiency and surface passivation effect can be constructed, as illustrated in Figure 13a . After two purifications, the QDs obtained still possess a good stability (shown in Figure 13b) . But, the PL quantum yield shows no obvious decrease (Figure 13c) , indicating a good surface passivation. Therefore, we could expect that good dispersivity ensures an excellent film formation ability and pure surface that leads to efficient carrier transport. So, the efficiency of carrier injection was greatly enhanced (shown in Figure 13d ). In virtue of the above advantages discussed, the luminance (Figure 13e ) and current efficiency (Figure 13f ) of the resulting LEDs based on CsPbBr 3 QDs are greatly improved compared to previous studies, and more importantly, the studied LED achieves a record external quantum efficiency of 6.27% (Figure 13g ). Although the device performance of perovskite QD LEDs was promoted greatly in a short time, operation stability has always been criticized for such devices in a continuous current mode, which are the main obstacles hindering the reliable device operation and their future application. In previous reports, conventional carrier injection conducting polymer or small molecules, such as PEDOT:PSS, PCBM, and 1,3,5-tris(2-N-phenylbenzimidazolyl) benzene, have been frequently employed as the carrier injectors in perovskite LEDs [25, 33, 35, 36] , but their inherent chemical instability inevitably degrades the device performance; thus, a high-efficiency light emission cannot be sustained over a long running time. More recently, Shi et al. present a strategy that addresses simultaneously the emission efficiency and stability issues facing current perovskite LEDs' compromise [30] . Wide bandgap semiconductors, n-MgZnO and p-MgNiO, were employed as the electron and hole injectors to construct CsPbBr 3 QD LEDs. The resulting diode demonstrates a high luminance (3809 cd/m 2 ) and external quantum efficiency (2.39%), as well as a significantly improved stability compared with reference and other previously reported devices constructed with organic carrier injectors. Figure 14a illustrates the emission intensity of the diode versus running time, and one can see that the EL intensity has almost not changed over 30 min. A long-term operation stability measurement demonstrated that the device could operate continuously for 10 h with an emission decay of below 20%, greatly superior to other previously reported devices constructed with organic electron and/or hole transport layers. It is believed that the device concept proposed in their study will provide valuable information for the future design and development of high-efficiency and air-stable perovskite QD LEDs. 
Summary
In summary, recent developments in perovskite QDs add a new class of members to the family of colloidal QDs. In spite of a short development of only 2 years, perovskite QDs have shown great potential in application in cost-effective LED fields. However, compared with traditional metal chalcogenide QDs, novel synthesis approaches are needed to tailor the surface ligands and enhance the stability of perovskite QDs. At present, the perovskite LEDs based on both organic-inorganic hybrid and inorganic QDs show relatively poor performances, and, therefore, new device structures are required to make a step change in the emission efficiency and operation stability of LEDs. Despite these challenges, we believe that the newly emerging perovskite QDs have a bright future, and the previous studies will provide valuable information for the future design and development of high-performance perovskite QD LEDs.
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